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ABSTRACT 
β-21s titanium is a recently developed aerospace grade titanium alloy and is attractive for jet 
engine nacelles, exhausts and nozzle assemblies due to its high strength and superior 
resistance to oxidation and embrittlement from aircraft fluids such as Skydrol. Its metastable β 
composition upon solution treatment permits deep hardenability and its ageing response is 
studied in depth at high temperatures. However, its response at low-medium temperatures is 
insufficiently characterised in literature. Throughout this thesis, the decomposition mechanics, 
hardening response and microstructural changes from isothermal ageing is studied at two 
different temperatures, 350°C and 500°C. Microhardness tests performed on the sheet 
thickness face were performed to characterise the age hardening response, while 
microstructural observations were captured using optical microscopy and Scanning Electron 
Microscopy (SEM). It was found that ageing at the two different temperatures resulted in 
substantially different properties which stem from the decomposition process of the 
metastable β phase. At 500°C ageing, heterogeneous nucleation of α on lattice defects 
occurred and progressive ageing led to the formation of acicular Widmanstätten α plates at 
peak ageing. It is hypothesised that ageing at 350°C produces a very fine dispersion of an 
intermediate phase, ω or β1, via spinodal decomposition that arises due to small concentration 
fluctuations in the alloy. The intermediate phase then acts as a precursor for the homogenous 
nucleation of α, which results in the severe hardening of this alloy after long ageing times. 
The mechanism by which the stable α state is reached from ageing this alloy is of great 
practical importance as mechanical and microstructural properties are heavily effected; 
particularly the embrittlement caused by 350°C which poses catastrophic risks for aerospace 
applications.  
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1. INTRODUCTION 
Titanium alloys are becoming increasingly popular to coincide with the push for lighter, 
stronger and fatigue resistant designs. Due to the high costs associated with the extraction of 
rutile ore and inefficient formation into pure titanium using the Kroll’s process, the use of 
titanium alloys is primarily limited to highly stressed components, military and aerospace 
applications. The aerospace industry looks particularly favourably on the use of titanium 
alloys as it possesses two key properties that increase the strength-to-weight ratio of aircrafts, 
leading to improved fuel efficiency and reduced operational costs. Titanium’s high specific 
strength is advantageous in mass-strength optimisation of bulk components, whereas, its 
similar thermal expansion rate to common composite materials makes it a suitable interface 
material for advanced composites that facilitate further performance enhancements [2].  
 
The allotropic nature of titanium means that it is capable of existing in more than one 
crystalline form. The three main classifications of titanium, pure Ti, α-Ti or β-Ti, are based 
around this concept and the phases present [3]. The β-21s titanium material under 
investigation in this project is a metastable β-Ti alloy. Generally, metastable β titanium alloys 
are designed to offer high strengths, excellent fatigue and creep resistance and deep 
hardenability in comparison to α-Ti alloys [1]. β-21s is a newly developed aerospace material 
that possesses the aforementioned properties but is more importantly renowned for its 
superior resistance to oxidation and embrittlement from aircraft fluids such as Skydrol [4]. 
Because of these properties and its ability to return tensile strengths of 1172 MPa and a 
Young’s modulus of up to 110 GPa post solution treating at 843℃ then ageing at 538℃ [4]; 
it is currently employed in jet engine 
nacelles, exhausts and nozzle 
assemblies [1]. The purple-blue 
discoloured exhaust plug of a Boeing 
777 in Figure 1 shows an example of 
its usage. Its purple-blue appearance 
is due light scattering off an oxide 
layer that has formed during service, 
which is the source for its excellent 
oxidation and hydraulic fluid 
embrittlement resistance.  
 
Figure 1:  Usage of β-21s Titanium for an Exhaust Plug in a 
Boeing 777 Jet Engine [1] 
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Literature reports the Boeing 777 engines operate around 560℃ and through extensive 
testing this material has been determined to be safe in this application [1]. However, as 
this alloy has only been recently developed, there is little information regarding its 
service performance at low-medium temperatures. This study targets this gap in 
knowledge and investigates the alloys response to artificial thermal ageing in terms of 
its hardness and microstructure. This information is critical for aerospace design where 
safety is paramount and will also prove useful for further development of the alloy. 
 
1.1. MOTIVATION 
The motivation for this project is outlined below: 
i) To bridge the gap in knowledge regarding this materials performance at low-medium 
service temperatures.  
ii) To determine the safety of this material in aerospace components and its suitability for 
application in other areas or machinery. 
iii) To establish and provide information on the ageing behaviour of this material that can 
be used for further developments of this alloy.  
 
1.2. SCOPE 
This project characterises β-21s titanium at two ageing temperatures, one at a low temperature 
of 350℃ and at a medium service temperature of 500℃. Characterising higher temperatures 
was excluded from this project as its response here has been studied in sufficient detail. The 
scope of this project was limited to two temperatures as this work is part of a larger project 
that’s focus is to obtain highly accurate results in order to publish information on the ageing 
characteristics of this alloy at temperatures ranging from 300-550℃. For this reason, the same 
heat-treating furnace and experimental procedures were used across all researches to minimise 
external discrepancies. The furnace availability placed a large constraint on the number of 
ageing temperatures and lengths that could be tested individually.  
 
Two main techniques were used to characterise the behaviour of this material: microhardness 
testing for mechanical property analysis and microscopy for microstructure, phase and 
morphology observation. The hardness number of the alloy is related to the yield stress of the 
material and technique provides an effective method to characterise the progress of ageing. 
Optical microscopy provides sufficient resolution (order of 1μm) for observing the 
microstructure development during ageing. Higher resolution Scanning Electron Microscopy 
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(SEM) enables fine microstructures to be characterised in greater detail. Existing literature 
provides sufficient detail regarding the transformation and identification of primary titanium 
phases, α and β. Therefore, the use of higher order characterisation techniques, such as 
Transmission Electron Microscopy (TEM) or X-ray Diffraction (XRD), to confirm the crystal 
phases or chemical composition are beyond the scope of this project. 
 
Industry applications are most likely to be subjected to thermal stress cycles; however, this 
varies for each piece of equipment so this is not considered in this report. The effect of 
heating rates on the alloy is not considered in this investigation but is approximated to be 
100℃/min. Environmental conditions are also excluded from the scope of this project; all 
testing is performed with standard air conditions.  
 
1.3. AIMS 
The aims for this project are: 
i) To develop an understanding of the low-medium temperature ageing response of β-
21s titanium with reference to transformation mechanisms.  
ii) To locate the ageing times that correspond to underaged (UA), peak aged (PA) and 
overaged (OA) conditions from microhardness testing and correlate this behaviour to 
the microstructures present. 
iii) To evaluate the performance of β-21s in mechanical systems with elevated 
temperatures and provide comprehensive detail to researchers, companies and industry 
members looking to design ageing specifications for a desired property set.     
 
Collaboration with two other researchers was conducted to characterise the performance of 
this alloy from temperatures ranging from 300 - 550℃. Appendix A presents the collaborated 
results and conclusions required to achieve aim iii) listed above. 
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2. LITERATURE REVIEW 
This section discusses literature critical to the in depth understanding of metastable 𝛃 titanium 
alloys and evaluates the adequacy of existing information on this particular β-21s alloy.  
2.1. METALLURGY OF TITANIUM 
2.1.1. Primary Titanium Phases 
Campbell [5] recognised the two primary phases that exist in titanium are α-Ti and β-Ti. The 
amount of each phase retained at room temperature classifies titanium material as either 
commercially pure or alpha, near alpha, alpha-beta and metastable beta alloys. Commercially 
pure titanium and alpha alloys are essentially complete α microstructures that exist in a 
hexagonal close-packed (hcp) crystal structure at room temperature.  For pure titanium, α 
phase transforms into the β phase of body centred cubic (bcc) structure at temperatures above 
the β-transus temperature (885℃).  
 
2.1.2. β-Transus Temperature 
The β-transus temperature is a critical temperature region where structural transformation 
between α-Ti and β-Ti occurs. Several authors have concluded that the β-transus temperature 
can be raised or lowered depending on the type and amount of impurities or alloying additions 
(Campbell [5], Polmear [6], Donachie [3]).  
 
Elements that increase the β-transus temperature are recognised as α stabilisers and include 
aluminium, tin, zirconium, oxygen, nitrogen, and carbon. The amount of α stabiliser is 
determined by the equivalent aluminium {Al} weight percent content, which is calculated 
below [5]: 
{Al} = Al +
1
3
Sn +
1
6
Zr + 10(O + C + 2N) 
Campbell [5] states, “If the equivalent aluminium content exceeds 9 wt%, the brittle 
intermetallic compound α-2 (Ti3Al) forms, which adversely affects ductility”. However, this 
statement is heavily generalised and doesn’t consider other alloyed elements that suppress this 
formation.  
 
β stabilisers are elements that decrease the β-transus temperature and include molybdenum, 
tantalum, niobium, tungsten, manganese, cobalt, nickel, vanadium, chromium, iron and 
copper. Similar to equivalent aluminium, equivalent molybdenum {Mo} describes the weight 
percent content of β stabilisers and is calculated as below [6]: 
{Mo} = Mo + 0.67V + 0.44W + 0.28Nb + 0.22Ta + 2.9Fe + 1.6Cr − Al 
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It was found that beta stabilisers promote hardenability and short time elevated temperature 
strength [5]. Particular β stabilisers can have varying effects on the microstructure and can be 
classified into two groups [7]: 
 β isomorphous stabilising elements - Mo, V, Ta, Nb 
 β eutectoid stabilising elements - Fe, Mn, Cr, Co, Ni, Cu, H  
 
The effect of α, β stabilising elements on the pseudo-binary phase diagram of titanium is 
presented in Figure 2. 
 
Figure 2: Effect of α, β Stabilising Elements on the Pseudo-Binary Ti Phase Diagram [7] 
 
 
2.1.3. β-Ti Alloys 
This particular alloy (β-21s) is defined as having predominantly β-isomorphous stabilisers 
with an equivalent molybdenum {Mo} content of greater than 10wt% [6] which enables the β 
phase to be retained in either a metastable or stable condition after cooling to room 
temperature from elevated heat treating temperatures. Figure 3 presents a graphical 
representation of the β stabilising content required for stable or metastable condition. 
  
Figure 3: Pseudo-Binary Phase Diagram for β Isomorphous Stabilised Alloys [7] 
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Figure 3 shows that for a metastable β titanium alloy the “martensite start” transformation of 
β into α decreases below room temperature; thus β is able to be retained at room temperatures. 
During annealing below the β-transus temperature the α remains in the metastable β phase in a 
supersaturated solid solution. Therefore, unlike stable β alloys, metastable alloys can be age 
hardened through the decomposition of β-Ti. Metastable β alloys can either be classed as 
solute lean or solute rich β alloys and the decomposition mechanisms of the β phase during 
ageing are dependent on the ageing temperature. High temperature ageing is known to cause 
decomposition of α straight into β, whereas low temperature ageing has insufficient energy 
for this transformation; therefore, requiring the formation of an intermediate phase, β’ or ω. 
The concentration conditions for these phases are also in Figure 3; which shows that ω or β’ 
can form in solute lean β alloys and solute rich alloys have a tendency to phase separate into 
β+β’.  
 
S. Nag [8] defines β-21s, as well as other metastable β alloys Ti8823, Ti-15-3 and Beta C, as a 
solute rich β alloys that are too stable to decompose isothermally into β/ω mixture. However, 
insufficient quantitative definition of {Mo} that equates to a solute rich or solute lean alloy is 
given in this literature. So the potential formation of β and ω are both considered in this 
project. Further discussion of this is outlined in Section 2.4.  
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2.2. PROCESSING OF TITANIUM 
Information presented in this section is designed to explain the microstructure of the unaged 
β-21s and presences of any defects that may show adverse effects in the mechanical and 
microstructural properties from successive thermal ageing.  
 
2.2.1. Formation of Ti Sponge 
Behind Al, Fe and Mg, titanium as a chemical species is the most prevalent metallic element 
in the earth’s crust. The extraction of metallic titanium from rutile or ilmenite ore occurs in 
five distinct stages [1]: 
 Chlorination of the ore to produce TiCl4. 
 Distillation of the TiCl4 to purify it. 
 Reduction of the TiCl4 to produce metallic titanium (the Kroll process). 
 Purification of the metallic titanium (the sponge) to remove by-products of the 
reduction process. 
 Crushing and sizing of the metallic titanium to create a suitable product for subsequent 
melting of commercially pure titanium and titanium alloys. 
 
A schematic of a Kroll reaction vessel to produce the titanium sponge is presented in Figure 4.  
 
 
Figure 4: Schematic of Kroll Reaction Vessel 
 
This production method has existed since the late 1930’s and is highly established in literature 
and industry [1, 3]. 
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2.2.2. Production of β-21s Sheets 
The production process of forming β-21s billets and sheets from titanium sponge is important 
as it explains structures present in the unaged microstructure, which can then be distinguished 
from transformation induced by sample preparation or ageing procedures.  
 
After crushing procedures, the sponge is melted at in a Vacuum Arc Remelt (VAR) furnace or 
Cold Heart Melting (CHM) furnace at temperatures to produce commercially pure titanium 
ingots, or alloying elements are added in this stage to produce α, β or α+β alloys. Defects 
related to this melt procedure are identified as [1]: 
 Type I (“Hard Alpha”), also called High Interstitial Defect (HID) 
 High Density Inclusions (HDIs) 
 Beta Flecks 
 Type II (Alpha stabilised) 
 Voids 
 
The key alloying elements in β-21s are 15wt %Mo, 3wt% Nb, 3wt%Al and 0.2wt%Si. 
According to G.Lütjering and several others [1, 8], this composition classes β-21s as a heavily 
stabilised β alloy with a β-transus temperature below 807°C [4]. Once a β-21s billet has been 
produced, successive processes are carried out to acquire the 1mm thick sheet that was 
investigated in this project. These stages, including the typical ageing parameters, are 
graphically outlined in Figure 5.  
 
 
Figure 5; Processing Route for Annealed heavily stabilised β Titanium Alloys β [1] 
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Stage I homogenisation of β alloys is performed to produce a supersaturated solid solution of 
α stabilising elements in a β matrix. A critical processing parameter of this stage is the cooling 
rate as this effects the grain size of this alloy and the potential for martensite α (α”) to form. A 
key defect that can arise form improper homogenisation is chemical segregation of α 
elements.  
 
The deformation stage (II) can be carried out by hot working above the β-transus temperature 
or by cold forming in the α+β phase field. The later has the advantage of creating smaller β 
grain sizes in the recrystallization step (III) [1]. β-21s is known for its good cold formability 
and can be processed using either method. The sheet of β-21s acquired for this 
experimentation has been hot rolled to form a 1mm thick sheet. Potential defects arising from 
this stage is stressed induced transformation of β into twins or α”. 
 
Recrystallisation (stage III) in the β region and cooling rate to room temperature controls the 
grain size and morphology of β phase in metastable titanium alloys. Equiaxed grains are 
expected post this treatment but insufficient treatment can show residual effects from stage II.  
 
Successive ageing procedures (stage IV) have a pronounced effect on the resultant 
microstructure and mechanical properties. The heating rate is also known to affect the 
distribution of α post ageing; however, due to the furnace availability limitations this effect is 
defined outside the scope of this project. To characterise the properties of β-21s with minimal 
adverse effects from transformation during heating, high heating rates are used in this project 
and approximated to be 100°C/min.  
 
Since the publication of Figure 5 and the description of stages by G.Lütjering in 2003, 
changes of processing temperatures, methods or slight compositional changes of β-21s may 
have occurred. However, the concepts remain applicable to this date. 
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2.3. PRECIPITATION HARDENING 
This section discusses the precipitation hardening mechanisms that arise from ageing of 
supersaturated solid solutions, such as metastable β titanium alloys. 
 
2.3.1. Hardening Mechanisms 
Precipitation occurs in a material when a supersaturated solid solution is subjected to elevated 
temperatures, producing fine particles of different composition or structure to the matrix 
phase that impede the motion of crystallographic defects, dislocations. As dislocations are the 
carriers of plasticity, restricting its motion decreases plastic deformation under load and 
increases the hardness of a material. The supersaturation of α stabilising elements retained at 
room temperatures in metastable β titanium alloys permits precipitation of α within the 
existing β phase matrix [6]. The rate of precipitation is controlled by the temperature and 
inherent diffusion rate of solute elements out of the supersaturated solid solution. In cases of 
low ageing temperatures, there is insufficient thermal energy to incur the precipitation of a 
stable phase, so an intermediate phase, ω or β1, is produced first [6].  
 
The precipitation mechanism has significant impacts on the alloys microstructure and 
mechanical properties; particularly its strengthening via the impedance of dislocation motion. 
Progression of a dislocation thought the materials crystal plane is restricted by precipitation 
by two main mechanisms: dislocation cutting and dislocation bowing (also known as Orowan 
strengthening). Equations to model these are (1) and (2), respectively [9]. 
 
 
𝜏 =
𝜋𝑟𝛾
𝑏𝐿
 
Where: 
τ = Shear Stress 
r = particle radius 
γ = Particle surface energy 
 
𝜏 =
𝐺𝑏
𝐿 − 2𝑟
 
b = Magnitude of Burgers vector 
G = Material Shear Strength 
L= Distance between particles 
 
It can be seen from these equations that the strengthening response is dependent on the radius 
of the particle. The competing nature of these two mechanisms results in a critically sized 
particle (r0) that provides the highest strengthening response, as shown graphically in Figure 
6: Strengthening Response As a Function of Particle Radius  [9].  
(1) 
(2) 
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Figure 6: Strengthening Response As a Function of Particle Radius [9] 
 
 
Other dislocation impedance mechanisms arising from precipitation with lesser strengthening 
effects are outlined below [9]: 
 Chemical strengthening caused by the additional energy to create another 
particle/matrix interface upon particle shearing.  
 Stacking-fault strengthening caused by the difference between the stacking-fault 
energy of the particle and matrix.  
 Modulus hardening caused by the differences between the elastic moduli of the matrix 
and particle 
 Coherency strengthening caused by elastic coherency strains 
 Order strengthening, which is due to the additional work required to create an 
antiphase boundary when a dislocation passes through the ordered lattice of a particle.  
 
These concepts are heavily established in literature and known to be true, theoretically and 
experimentally. 
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2.3.2. Thermodynamics and Kinetics of Precipitation 
Martin [9] states, “the decomposition of a phase into one or more phases can be divided into 
three stages: (i) the formation of nuclei of the new phase; (ii) growth of nuclei; (iii) 
coarsening of precipitates”. Stage (i) can occur in two ways: heterogeneous nucleation on 
lattice defects or by spinodal decomposition. To explain this phenomena, the kinetics of 
homogenous nucleation from a supersaturated solid solution must first be considered: 
 
Homogenous Nucleation: 
In 1873 Josiah Willard Gibbs presented the basic nucleation theory and to this date these 
relations remain correct. For creation of a new phase, work is necessary to overcome a critical 
activation energy (ΔG*) and requires the presence of small fluctuations in the matrix to form 
clusters of n atoms. The relation for the required critical free energy for nucleation (ΔG*) is 
given by [9]: 
 
Δ𝐺∗ =
1
3
𝜎𝑛∗(2 3⁄ ) 
n* = Critical number of 
atoms in nucleus 
σ = Specific surface 
energy of phase interface 
  
 
For a spherical nucleus, this relation can be presented as shown in Figure 7. 
 
 
Figure 7: Free Energy of a Precipitate As a Function of its Radius (r) [9] 
 
For nucleation and continued growth a new phase, the number of atoms in the nucleus must 
exceed a critical number, n*, or equivalently: a critical radius (r*). If the nucleus is smaller 
than this value it can lower the total free energy by re-dissolution. The specific chemical free 
energy of the phase, Δgc, which contributes to the overall Gibbs free energy, varies with 
temperature. Therefore, the critical number of atoms (n*) in the nucleus or critical size (r*) 
also varies with temperature.  
 
(3) 
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Growth of Nuclei: 
If an embryo contains a larger number of atoms than the critical number (n*), it can grow with 
decreasing free energy and follows [9]: 
 
?̇? = 𝐾𝐷𝑒𝑥𝑝 (
−𝐴𝜎/(𝛿𝑔𝑐 + 𝑔𝑒)
𝑘𝑇
)
̇
 
D = Diffusivity 
A = Geometrical constant 
K = Boltzmann constant 
T = Absolute Temperature 
A = Surface area 
ge = Elastic strain energy 
  
The rate at which nuclei grow is dependent on the frequency at which atoms adjacent to the 
nuclei can join to it, therefore being controlled by the diffusivity. Due to the high activation 
energy of diffusion, the rate of nucleation becomes very slow at low temperatures with little 
thermal energy being provided. With the growth large precipitates, the distance adjacent 
atoms have to travel to attach increases; therefore, causing the growth rate to decrease.  
 
Heterogeneous Nucleation: 
In supersaturated solid solutions, such as metastable β-Ti alloys, the following lattice defects 
are expected: 
 0-dimensional faults (Vacancies and interstitial particles) 
 1-dimensional faults (Dislocations) 
 2-dimensional faults (grain boundaries, twin boundaries, stacking faults, interphase 
boundaries) 
 
These lattice defects are regions of atomic disarray and have high free energy per atom, which 
lower the nucleation barrier; promoting heterogeneous nucleation of precipitates [9]. 
Metastable phases are commonly associated with this type of nucleation and can result in the 
formation of coherent particles, incoherent particles or partially coherent particles; which is a 
known contributing factor to the strengthening of precipitation hardened alloys. The growth 
rate of these particles also follow the rate defined in Equation (4). 
 
Figure 8: Interface Coherency of Precipitated Particles [10] 
a) Incoherent, b) Coherent 
(4) 
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Spinodal Decomposition: 
This mechanism produces a very uniform, homogenous distribution of coherent second phase 
particles of nanoscale proportions. It is expected to occur in alloys with a pronounced 
miscibility gap when aged at low temperatures for long periods and occurs simultaneously 
through the matrix, though there is no precise stage at which the new phase appears [8]. In 
reference to Figure 9, the beginning of the transformation occurs when an alloy of initial 
composition C1 and free energy F1 decomposes into a mixture of two phases of composition, 
CA and CB, with an average free energy F2. The average free energy of these phases is always 
less than the initial free energy, so the decomposition proceeds with a continual decrease in 
free energy and the transformation occurs with no thermodynamic barrier [9]. Nag [8] studied 
this mechanism in great depth in metastable β alloys and concluded this leads to the formation 
of an intermediate phase, β1 or ω, which then act as precursors to the homogenous nucleation 
of α particles. These types of transformations are studied in more detail in Section 2.4.  
 
Figure 9: Free energy/Composition Relationship Corresponding to Spinodal Decomposition [9] 
 
2.3.3. Mechanical Response with Progressive Ageing 
The mechanical hardening response with ageing time can also be classified into three stages: 
(i) underaged (OA), (ii) peak aged (PA), (iii) overaged (OA). An example of this behaviour in 
an aluminium alloy is shown in Figure 10, but it is widely accepted that similar behaviour 
occurs for most alloys. Common among literature it has been concluded that the mechanical 
responses correspond respectively to the decomposition of a phase, which previously 
mentioned are: (i) the formation of nuclei of the new phase; (ii) growth of nuclei; (iii) 
coarsening of precipitates. 
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Figure 10: Ageing Curve of an Al Alloy, showing Underaged, Peak Aged and Overaged Regions [10] 
 
Slight hardening responses observed in the early times of stage (i) are attributed to the 
influence of fine precipitates which inhibit dislocation motion. At later ageing lengths, the 
strengthening is considered to arise due to the comparatively large volume fractions of 
precipitates which impede and which reduce the matrix cell size; providing significant 
dislocation pinning [11].  
 
Peak ageing occurs at the end of stage (ii) of matrix decomposition; where the impingement 
and morphology of precipitates, reduced matrix cell size and particle coherency is optimised 
to produce the highest dislocation locking force.  
 
At stage (iii) the driving force for decomposition is the reduction of interfacial area to obtain a 
more stable state. The magnitude of this force will be greater for particle/matrix combinations 
of high interfacial energy. As the particles progressively coarsen, a process known as Ostwald 
ripening occurs where larger particles grow at the expense of smaller particles. The average 
interparticle spacing thus increases with time and the harness falls, since the particles will be 
less effective in holding up dislocations.  
 
Varying ageing temperature is also known to create differences in the ageing curve of 
supersaturated solid solution alloys. Usually, the time taken to achieve peak hardness 
decreases at higher ageing temperatures because precipitation is largely controlled by 
diffusion of solute elements, which is highly dependent on temperature [9].  
 
Changes in hardness relate proportionally to changes in yield; that is, higher harnesses results 
in higher yield as both as dependant on the impedance of dislocation motion. It is well known 
that this behaviour also corresponds to reductions in ductility and fracture toughness and is 
shown in Figure 11.  
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Figure 11: Variation of Toughness and Yield Strength Associated With Underaged, Peak Aged and Over 
Aged Conditions [9] 
(a) Alloys where matrix dominates fracture, (b) Alloys where grain boundary precipitates dominate failure 
 
Martin has considered the properties of alloys at underaged (UA), peak aged (PA) and 
overaged (OA) conditions and the influence intergranular or matrix dominated failure. No 
literature exists regarding the failure mechanisms of β-21s being investigated in this project, 
so to characterise whether toughness is recovered from overaging this alloy further 
experimentation using impact tests are required. However, this is beyond the scope of this 
project but is an untouched pathway for future work to progress. 
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2.4. DECOMPOSITION OF AGED METASTABLE BETA ALLOYS 
This section details the decomposition processes of metastable β and makes particular 
reference to the alloy under investigation, β-21s.  
 
The formation route of the equilibrium α phase dictates its morphology and distribution, 
consequently having a significant influence on mechanical properties. As presented by 
Polmear in Figure 12, there are three potential decomposition processes of β-Ti in response to 
ageing; which is dependent on the ageing temperature and concentration of β stabilising 
elements in the alloy. Ageing at high temperatures provides sufficient thermal energy for the 
transformation of β straight into α.  Section 2.4 briefly introduced the decomposition of 
metastable β to form an intermediate phase, β1 or ω that occurs from low temperature ageing. 
Both of these phases are formed via spinodal decomposition mechanisms [8] and then act as 
precursors for the homogenous nucleation of α particles.  
 
 
Figure 12: Decomposition of Metastable β-Ti alloys [6] 
 
Issues with this literature are that it fails to define what a medium and concentrated alloy is by 
weight percent content. As for the case being investigated that aims at characterising the 
response of β-21s aged at 350°C and 500°C, all three scenarios outlined in Figure 12 are 
possible without further definition. Nag [8] defines β-21s as a solute rich alloy too stable to 
decompose isothermally into a β/w mixture but demonstrates β phase separation reaction. 
Even though this research suggests the β phase separation is most likely, the formation of 
either intermediate phase and resultant effect on mechanical properties and microstructure 
will be considered in this project.  
 
2.4.1. Direct Decomposition of β into β+α at Temperatures Exceeding 500°C 
This decomposition is commonly associated with the heterogeneous nucleation of α particles 
at areas of lattice distortion such as vacancies, dislocations and grain boundaries. After the 
nucleation of these particles, α platelets are formed from continual growth of these nucleated 
regions. Further growth continues at an exponential rate until the diffusion pathway of solute 
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atoms to precipitates becomes too long and slows the precipitation process. The α platelets 
then reach a critical size where impingement occurs and then coarsening occurs with 
successive ageing. At peak ageing, the resultant microstructure is coarse α Widmanstätten 
plates within a β matrix. An example of this microstructural transformation in a similar 
metastable β alloy (Ti-15V-3Cr-3Sn) is presented in Figure 13.  
 
 
Figure 13: Microstructures of Ti-15V-3Cr-3Sn Aged at 540°C for Various Ageing Lengths [12] 
(a) Unaged, (b) Aged 2 hrs, (c) Aged 4 hrs, (d) Aged 8 hrs 
 
A presaging treatment process can also play a part in the development of this microstructure. 
However, presaging treatments are not considered in the scope of this project.   
 
2.4.1. Indirect Decomposition Through β Separation (β→β+β1→β+α) 
The β1 phase (also denoted β’) formed by low temperature ageing is favoured in alloys with 
sufficient β stabiliser to prevent ω phase formation. Spinodal decomposition of β separates the 
phase into two BCC β phases of different compositions [8]. β is defined as the solute rich 
matrix which contains the uniformly dispersed, coherent solute lean phase, β1. As the 
consequences of β1 phase formation is perceived to be less critical than the ω phase formation 
there is less information regarding its formation and resultant equilibrium α phase [6]. Figure 
14 shows the β1 phase (dark) in the β matrix (light) after spinodal decomposition. β1 is seen to 
form as a nanoscale, rounded phase and is approximated to be 0.05µm in size.  
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Figure 14: A TEM micrograph showing solute enriched precipitates of β′ in α matrix of β [8] 
 
The β-lean phase is speculated to act as a precursor for the nucleation of α particles on β/β1 
phase interface. This effect has been studied by Williams et. al paper on the effect of ternary 
additions on decomposition of β phase in Ti-V and Ti-Mo alloys, by Miyazaki et. al on ageing 
effects of phase separating Ti-Cr alloys, among several others [8, 13, 14]. These authors 
concluded that α precipitated homogenously on the lean β regions and results in a finely 
dispersed, uniform distribution of α in the β matrix. This type of nucleation is expected to 
occur only occur after long ageing times and predicted to limit grain boundary α precipitation 
[8]. The precipitates of nanoscale proportion are far too fine to observed using optical 
microscopy and Scanning Electron Microscopy (SEM) techniques. Therefore, to characterise 
this structure, extended analysis techniques such as Transmission Electron Microscopy 
(TEM) and X-Ray Diffraction (XRD) are required to confirm the presence of this phase and 
characterise its size and morphology. Figure 15 presents an example of the identification 
process using an EFTEM elemental map which shows compositional variations.  
 
 
Figure 15: Example of EFTEM Map to Identify Phase Differences Based off Compositional Changes [8] 
(a) EFTEM map, (b) Compositional variation along red line in (a) 
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As for the lower ageing temperature of 350℃ the formation of equilibrium α phase from the 
β1 and ω phases are more relevant. Ageing temperature is not the only determining factor on α 
nucleation; the relative misfit between α and ω phases also plays a part. Polmear [6] states, “If 
the misfit is low, α nucleates with difficulty and it forms by a cellular reaction that occurs 
heterogeneously at the β gain boundaries. If the misfit is high then α nucleates at the β/ω 
interfaces. High ageing temperatures encourage α to form directly from ω”.  
 
Polmear [6] recognises the lack of sufficient study in the β phase separation and 
transformation of β1 to α. However, it is suggested that this transformation leads to a uniform 
and closely packed distribution of α phase within β particles.  
 
2.4.1. Indirect Decomposition Through ω Formation (β→β+ω→β+α) 
The ω phase has a HCP crystal structure similar to the α phase and is formed via spinodal 
decomposition processes with less stabilised β alloys during thermal ageing; producing a very 
fine, homogenous dispersion of particles in a β matrix. Polmear [6] stated that the presence of 
this ω phase can cause severe embrittlement of the alloy. However, the exact point at which 
this phase forms and how long it exists for before decomposing into the more stable α state 
isn’t established in this literature. The light phase in Figure 16 shows the size of coherent ω 
phase particles to be approximately 1-20nm [7]. 
 
 
Figure 16: Dense dispersion of cuboids of the ω phase (light) in β Matrix (dark) [6] 
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The transformation of β+ω into α increases with increasing ageing temperature and time. This 
is graphically displayed in Figure 17. The volume fraction of each phase has been measured 
by XRD but this work is unpublished and future work is required.  
 
Figure 17: Effect of Ageing Temperature on the Formation of α from β+ω [7] 
 
Ageing temperature is not the only determining factor on α nucleation; the relative misfit 
between α and ω phases also plays a part. Polmear [6] states, “If the misfit is low, α nucleates 
with difficulty and it forms by a cellular reaction that occurs heterogeneously at the β gain 
boundaries. If the misfit is high, then α nucleates at the β/ω interfaces”. These two different 
formation mechanisms could result in different microstructures but are only expected to have 
slight differences between the mechanical properties. Due to the limitations of accessible 
equipment, this characterisation is beyond the scope of the project but provides a new 
direction for future work.  
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2.5.  PROPERTIES OF METASTABLE BETA ALLOYS 
2.5.1. Ageing of Metastable β-Ti alloy, Ti-6Cr-5Mo-5V-4Al 
Kent [15] studied the influence ageing temperature and heating rate has on the properties and 
microstructure of a newly developed metastable β-Ti alloy, Ti-6Cr-5Mo-5V-4Al. The 
conducted experiment aged samples at temperatures ranging from 380ºC-620ºC; very similar 
to the temperatures investigated in this project. The article also compared the effect of heating 
rates has testing at 5ºC/min and 100ºC/min. However, this is beyond the scope for this project 
as furnace availability is limited.  
 
Figure 18 below shows the age hardening response of the Ti-6554 alloy for various ageing 
temperatures. Note: The graph on the left is an expanded portion of the graph on the right 
showing the early stages of ageing. The graph on the right shows the data plotted on a log 
scale. 
 
Figure 18: Age hardening response of Ti-6Cr-5Mo-5V-4Al courtesy of Kent [15] 
 
As shown in the results above, the authors found that after an incubation of period of 5 hours 
the sample aged at 380ºC experienced exponential hardening to reach a maximum of 470 HV. 
This was contrary to other temperatures that had short incubation times, linear hardening 
responses or peaks of over ageing. The above figure displays the ageing curve responses at a 
heating rate of 5ºC/min. Kent, however, inadequately characterised the response of this alloy 
are heating rates similar to those experienced during service in aerospace applications. Only 
two temperatures, 500ºC and 560ºC, were investigated at a higher heating rate of 100ºC/min. 
 
SEM images of the 380ºC sample aged for 2760 minutes showed fine lath like precipitates 
and thin precipitate-free layers adjacent to the grain boundaries. 
 
Regarding the link between hardness and microstructure Kent [15] concluded the following; 
“The XRD analysis confirms that the substantial gains in hardness associated with ageing of 
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the solution treated Ti-6554 alloy at temperatures above 380ºC is due to the formation of fine 
α phase precipitates within the β matrix”. Considering both Ti-6554 and β-21s titanium are 
both metastable β-Ti alloys, similar responses to ageing in terms of microstructure and 
properties may be experienced but the alloys definite response is untouched in current 
literature; especially at low temperatures and high heating rates. This project aims at 
completing this missing void of available information on β-21s titanium alloys by 
characterising its microstructure and mechanical properties after low temperature thermal 
ageing.  
 
2.5.2. Available Ageing Information of β-21s 
Age hardening curves and microstructures for this material remain largely confidential by the 
manufacturer. The data that is available, is taken at elevated temperatures above 500°C and 
provides insufficient information at low-medium temperatures. Figure 19 shows the changes 
in strength and ductility after ageing at 538°C for 8 hours, cooling, then mechanical testing at 
a range of temperatures to simulate in-service properties. This data only provides properties 
for one specific ageing condition and doesn’t specify its changes at different temperatures or 
at extended ageing lengths. Therefore, the suitability of this materials usage in certain 
applications with low service temperature can’t be determined. Neither can the potentially 
extreme changes in mechanical properties be exploited for specific applications.  
 
Figure 19: Tensile Properties Vs Testing Temperature on β-21s Solution treated at 816°C and Aged 8 
hours at 538°C [4] 
 
The producer also recommends limiting the solution heat treated material to temperatures 
260-427°C to less than 1 hour during hot forming processes to avoid embrittlement. While 
this nature is acknowledged, the microstructural conditions that cause this embrittlement are 
either uncharacterised or kept secret by Timet.  
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3. METHODOLOGY 
3.1. MATERIALS 
A homogenous 1mm thick sheet of 
β-21s titanium, with composition 
outlined in Table 1, solution treated 
at 843℃-900℃ and air cooled was 
acquired directly from the producer, 
Timet. Solution treating ensures all 
α phase is dissolved into the β 
phase, giving a definite reference 
condition for unaged material prior 
to precipitation strengthening from 
ageing processes. The sheet has been rolled resulting in a uniaxial grain direction so 
consistent orientation throughout all sample tests is required. Using a guillotine, the samples 
were cut into 20mm x 10mm tokens, weighing 1.0g, with the short edge parallel to the 
direction of the grain as shown in Figure 20.  
 
Figure 20 shows the deformed edges of the 
material caused by the use of a guillotine. Large 
shearing loads applied to cut the material can result 
t in stress-induced twinning of grains. The twin 
boundaries act in a similar manner to normal grain 
boundaries; both restrict dislocation movement and 
therefore cause strengthening. The presence of 
twinning can significantly interfere with the results 
from hardness tests and display misleading 
microstructures so sufficient material must be 
removed from this edge prior to any testing. 
Removing 2mm of material via grinding processes 
was sufficient to avoid this deformed zone.  
 
 
 
Element 
Weight % 
Min Max 
Molybdenum 14.0 16.0 
Niobium 2.4 3.2 
Aluminium 2.5 3.5 
Silicon 0.15 0.25 
Iron - 0.40 
Oxygen 0.11 0.17 
Carbon - 0.05 
Nitrogen - 0.05 
Hydrogen - 0.015 
Residual Elements, each - 0.10 
Residual Elements, total - 0.40 
Titanium Remainder 
Figure 20: Material Sample Token 
Table 1: β-21s Chemical Composition 
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3.2. HEAT TREATING 
β-21s sample tokens were isothermally aged in an MIHM-Vogt P6/B air furnace at two 
separate temperatures, 350°C and 500°C, for times ranging from 15 minutes to 9 days. An 
extra ageing time of 2 weeks was conducted for the 350°C sample in an attempt to reach peak 
hardness. Table 2 details the 20 groups consisting of varying ageing conditions. To mitigate 
potential discrepancies each group consisted of 3 sample tokens acquired from random areas 
of the received sheet.  
 Table 2: Summary of Ageing Conditions 
 
During the heat treatment process, it is essential to minimise any variability in thermal energy 
absorbed by the titanium during the heating and sample extraction. Therefore, cast iron trays 
that are used to contain token groups for easy handling were heated up along with the furnace. 
After the desired temperature had been reached the trays were briefly removed and filled with 
the corresponding tokens before being replace in the furnace. The ageing time began once the 
door had been closed. The time taken for the tokens to reach equilibrium temperature is 
estimated given the mass (m) and specific heat (cp) of the material, as well as the temperature 
difference (∆T) and heat added (Q), as per Equation (5) [16]. 
 
𝑡 =
𝑚 ∗ 𝑐𝑝 ∗ ∆𝑇
𝑄
 
As the mass of each token is low (1.0g) and has a relatively low specific heat of 0.54kJ/kgK, 
the time to reach equilibrium temperature can be considered as negligible. The effect of 
different heating rates is not contained within the scope of this project.  
 
3.3. SAMPLE PREPARATION 
Observations and testing were carried out in a viewing direction parallel to the grain direction 
of the material; meaning that the area examined was 1mm x 20mm in size. In order to analyse 
this small area, the samples were mounted into Bakelite resin blocks, ground to avoid 
deformed edges and polished before hardness tests were be carried out. Then, etching was 
performed to highlight grain boundaries and other features. The following sections outline the 
details and equipment required for the sample preparation: 
 
Ageing Condition Temperature Ageing Times 
Unaged - as received solution treated material 
Isothermally aged 350°C 
15 min, 30 min, 60 min, 90 min, 4 hours, 8 hours, 24 hours, 
72 hours, 9 days, 2 weeks 
Isothermally aged 500°C 
15 min, 30 min, 60 min, 90 min, 4 hours, 8 hours, 24 hours, 
72 hours, 9 days 
(5) 
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3.3.1. Mounting  
Sample groups, consisting of three tokens with the same ageing condition and time, were 
mounted into a Bakelite resin block using a Struers CitoPress-30 hot mounting machine and 
orientated such that the long edge of 20mm and thickness of 1mm form the observation 
surface of the material. This orientation, with observation plane perpendicular to the grain 
direction, was selected to prevent inaccurate or misleading hardness results that arise from 
isotropic and surface hardening effects from sheet rolling processes. 
 
The sample orientation was held during 
processing by inserting the sample tokens into 
Struers process clips then placing the assembly 
atop the lower ram stage powdered with Struers 
AntiStick mould release agent. The stage was 
then lowered and filled with 40mL of black 
Bakelite multifast resin. Black multifast method 
was used with a temperature of 180°C and 
pressure setting of 250 bar for 4 minutes and 2.5 
minutes was allowed for cooling. An example 
sample group is displayed in Figure 21. The 
backsides of the blocks were engraved with the corresponding ageing condition to ensure no 
samples are mixed.  
 
3.3.2. Grinding 
Grinding processes were performed to obtain a flat, flaw-free plane appropriate for testing and 
microstructure observations. 2mm of material was removed from the mounted blocks in order 
to avoid the deformed zone, formed by guillotine cutting, which can contain twinned grains 
that return an inaccurate hardness value.  
 
The samples were ground using a Struers TegraPol-31 at 300RPM with constant water 
lubrication and silicon carbide papers of 120, 320, 600, 1200 and 4000 grit. Grinding 
processes can inadvertently induce work hardening of the material so light-medium hand 
applied pressures on the grinding surface were used in combination with fresh circulation of 
silicon carbide papers, ensuring that only sharp particles abrasively remove material. The 
samples were ground with a consistent direction approximately parallel to the long edge of the 
samples.  
Figure 21: Mounted Sample Block 
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3.3.3. Polishing  
Chemical polishing was conducted on the samples to further refine the surface roughness of 
the observation plane and remove damage produced during grinding processes. The 
equipment used for this process include a Struers TegraPol-31, neoprene MD Chem polishing 
cloth and mixture containing 20% hydrogen peroxide (30% concentration) and Struers OP-S 
NonDry, an oxide polishing colloidal silica suspension agent, as remainder.  
 
The polishing process was automated, setting the applied force on the sample surface to 15N 
and rotation direction of the sample holder opposite to the plate rotation running at 300RPM; 
allowing 6 samples to be polished within a 10-minute cycle. Prior to starting the cycle, the 
polishing cloth was lubricated with distilled water and 2mL of chemical polishing mixture. 
After each minute the polishing cloth was sprayed liberally with distilled water, then 1mL of 
mixture was added; this process was repeated for 10 minutes using 10mL of chemical 
polishing mixture.  
 
Immediately after the process had stopped the 
samples were washed thoroughly using a 
brush, detergent and tap water. This removed 
any residual particles and chemical polishing 
agent that if allowed to dry on the sample will 
act as a barrier layer during hardness testing 
and cause measurement of inaccurately high 
values. Blow drying and placing the samples 
under a heater removes any moisture that 
facilitates reaction of the material with the 
atmosphere to form oxide layers that can also 
affect hardness results and microstructure 
observations. Figure 22 displays the smooth, flaw-free observation plane acquired after 
grinding and polishing.  
 
 
 
 
 
 
Figure 22: Mounted Sample Block After Grinding 
and Polishing 
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3.4. MICROHARDNESS TESTING 
The aim of this testing is to characterise the effect ageing has on β-21s mechanical properties 
by measuring the Vickers hardness. The non-destructive nature of hardness testing gives it 
significant advantages over other destructive mechanical property characterisation techniques 
such as tensile, bending or impact tests. The hardness of a material is directly linked to its 
yield strength so quantitative approximations for this can also be made; although the figures 
are not suitable for reporting. Behaviour in fracture toughness can also be characterised by 
hardness data as discussed in Section 2.3.3. Microhardness testing was used as the sample 
plane is too thin for macrohardness tests that would extend into the Bakelite resin block. 
Another advantage of microhardness testing is that it permits individual grains or phases to be 
evaluated if necessary [17].  
 
Figure 23: Square-Based Diamond Vickers Indenter (Left) and Material Indent Dimensions (Right) [17] 
 
Vickers hardness testing was performed in accordance with ASTM E384-16 using a load 
setting (P) of 100 gram-force (equivalently 0.1 HV) applied over a 12-second dwell time and 
a Struers Duramin Hardness Tester with x40 objective lens and x10 magnification eyepiece 
lens. Vickers testing uses a sharp-pointed, square-based pyramidal diamond with face angles 
of 136° and calculates the hardness values by averaging the diagonal length values, d1 and d2 
as shown in Figure 23, and Equation (6) [17].  
 𝐻𝑉 = 1854.4 ×
𝑃
𝑑2
 
Where:  
P = force (gf) 
d = mean diagonal length 
of indentation (μm) 
 
 
A minimum of seven hardness tests were performed on each token in each sample group for 
consistency measures. Over 500 measurements were taken across the 20 groups of different 
ageing condition. ASTM E384-16 [17] recommends that the minimum spacing between each 
Vickers indent or sample edge must 2.5 times greater than the diagonal distance measured 
[17]. Data obtained to characterise the mechanical property change was acquired prior to 
etching processes; this way complete randomness in testing was ensured.  
(6) 
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3.5. ETCHING  
Etching was performed to produce a colour contrast between the α and β phases in the alloy; 
allowing the development of microstructure and phase morphology to be characterised using 
microscopy techniques. As recommended by ASTM E407-07(2015) [18], the solution used to 
etch the titanium was Kroll’s reagent (formula number 192), which contains 92ml distilled 
water, 6mL nitric acid and 2mL hydrofluoric acid. This solution attacks the α phase, causing it 
to appear dark under an optical microscope. The length of exposure to the etchant varied with 
the ageing condition of the sample; samples aged at higher temperatures and longer times 
were more sensitive to etching due to the precipitation of α phase. 
 
Etchant was applied by soaking a cotton swab and evenly rubbing it over the surface until a 
colour tint appeared due to a thin oxide film developing that reveals the structure by variations 
in light interference [19].  Figure 24 shows the macroscopic appearance of an etched sample, 
note the brown tinted surface in comparison to Figure 22. 
 
Figure 24: Sample Block Etched Using Kroll’s Reagent 
 
3.6. OPTICAL MICROSCOPY 
This was the primary method used to characterise the development of microstructure as 
optical microscopes are relatively simple to operate, time efficient and provide sufficient 
resolution (order of 1μm) for capturing the growth of precipitates. A Polyvar MET Optical 
Microscope, Canon EOS 5D Mark II camera and associated software was used to capture 
images at varying magnification. The settings for the optical microscope and camera are 
outlined in the following points: 
 x1.25 magnification multiplier 
 x10 eyepiece lens magnification 
 Objective lens magnification ranging from x2.5 to x100 
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 Bright Field (BF) filter  
 Red wave filter 
 Colour temperature of 8000K, high sharpness (setting 5-7) and increased contrast (0-
4) applied by EOS 5D software 
 
3.7. SCANNING ELECTRON MICROSCOPY (SEM) 
Through preliminary optical microscope observations, it became evident particular structures 
were too fine to observe at the possible magnification; therefore, SEM was used to further 
detail the morphology of these structures. A Hitachi TM3030 was used that observes the 
samples under a low vacuum with magnifications up to x60,000. As the Bakelite resin used is 
conductive, no sputter coating was required.  
 
Oils and greases gathered on the samples from handling were removed prior to any SEM 
machine by cleaning with ethanol in an ultrasonic cleaner for two reasons; to prevent these 
contaminants from appearing in the image plane or evaporating into the machine potentially 
harming sensitive components. Samples were then mounted onto a stub using conductive 
tape, adjusted in height and loaded into the benchtop electron microscope. The pressure in the 
chamber was evacuated and the system was linked to a computer using inherent TM3030 
software. Focus and contrast settings were adjusted to obtain a clear view of the structure, 
then images were captured, typically at a magnification of x3000 or x8000.  
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4. RESULTS & DISCUSSION 
4.1. MICROHARDNESS PROPERTIES 
Table 3 contains a summary of the hardness data acquired for unaged β-21s and samples aged 
at 350°C and 500°C for various ageing times. The full experimental data is available in 
Appendix B. Data from Table 3 was used to produce Figure 25, which graphically displays 
the trends in hardness over time for each temperature. Note, the error bars are 95% confidence 
intervals. 
  
 Table 3: Summarised Microhardness Data 
 
 
Figure 25: Hardening Response over Ageing Time and Temperatures 
The graph on the left is an expanded portion of the graph on the right showing the early stages of ageing. 
The graph on the right shows the data plotted on a log time scale. 
Ageing 
Condition 
Ageing 
Time 
Vickers Hardness (HV) Standard 
Deviation 
Margin of Error 
(95% C.I) Mean Max Min 
Unaged - 274 283 263 6.8 3.4 
Isothermally 
aged 
350°C 
15 min 289 312 272 10.5 3.8 
30 min 281 307 258 10.8 3.9 
60 min 277 289 265 6.9 3.2 
90 min 289 326 272 13.7 6.3 
4 hrs 290 306 272 11.2 4.8 
8 hrs 300 331 273 18.4 7.9 
24 hrs 313 348 294 16.5 6.1 
72 hrs 402 422 371 13.1 5.4 
9 days 450 476 407 17.6 6.3 
2 wks 459 480 438 10.4 3.8 
Isothermally 
aged 
500°C 
15 min 283 314 264 13.1 5.6 
30 min 278 314 265 13.3 5.8 
60 min 285 316 272 11.0 4.8 
90 min 293 327 274 11.7 5.3 
4 hrs 361 397 333 18.5 8.1 
8 hrs 381 397 370 8.3 3.9 
24 hrs 385 405 375 7.9 3.4 
72 hrs 383 404 366 10.5 4.2 
9 days 376 389 363 7.2 3.2 
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The classical responses to ageing, originally derived from precipitation hardened aluminium 
alloys, can be observed in Figure 25 that shows a general increase in hardness over ageing 
time in under aged (UA) regions and also peak ageing (PA) and over ageing (OA) 
phenomena. The initial increase in hardness after 15 minutes of ageing, followed by 
temporary decrease, for both temperatures is most likely due to the nucleation of coherent 
precipitates that impede dislocation movement and then internal stress relaxation and atomic 
rearrangement [10]. The three stages of ageing are distinctly viewed for the material aged at 
500°C; however, at 350°C only under aged behaviour has been recorded even after 2 weeks of 
ageing (20160 minutes). It is evident that the thermal energy provided to the material results 
in significantly different behaviour. 
 
Ageing at 500°C results in a rapid hardening response after 60 minutes of ageing and reaches 
its peak hardness of 385 HV after 24 hours of ageing. This hardness is a 40.5% increase 
compared to the as-received solution treated hardness of 274 HV. From literature, it can be 
expected that this initial rise in hardness be due to the formation of precipitates out of the 
saturated solid solution material that impede dislocation motion [9]. The later stages are 
attributed to the large volume fractions of precipitates in the matrix and the reduction in 
primary phase cell size due to impinging precipitate phases [11, 15]. Peak hardness is 
achieved when the size of primary precipitate phases is optimised to provide the highest 
locking force of dislocation movement. For this metastable β titanium alloy and medium 
ageing temperature, it is most likely that the precipitation of α-Ti into a β-Ti matrix is the 
cause of the hardening response [6, 15]. Optical microscopy is performed to confirm and 
characterise this growth. In the region from 8 – 72 hours, a plateau is observed with the mean 
hardness only varying by 4 HV. This plateau behaviour is directly linked to the reduced 
growth rate of precipitates caused by longer diffusion distances and reduced concentration 
gradient as the precipitate thickens [20]. Further beyond 24 hours of ageing, the hardness 
drops and this can be expected to be a result of the coarsening of precipitates where large 
precipitates grow at the expense of smaller ones; causing the average interparticle spacing to 
increase and therefore, less resistance to dislocation motion [9].  
 
When the material is aged 350°C, it undergoes a long incubation period of 8 hours before any 
significant hardening response occurs. From background knowledge it can be hypothesised 
that there is either no precipitate forming or only nanoscale intermediate phase transformation 
into ω or β1 is occurring. If no precipitates are forming at this low temperature it is likely that 
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the energy for diffusion activation (mechanism for precipitate nucleation) is insufficient for 
rapid precipitation growth [9].  Observations for precipitate growth are conducted using 
optical microscopy, but intermediate phases need to be characterised using extended 
techniques beyond the scope of this project. From 24 hours of ageing onwards, the material 
has a steep hardening response and continues to increase. Further testing by ageing the 
material for 2 weeks was still insufficient in reaching the peak hardness. Nonetheless, the 
maximum hardness of 459 acquired at two weeks of ageing was 67.5% greater than unaged 
material and 19.2% greater than the peak hardness achieved by ageing at 500°C. Between 9 
days and 2 weeks of ageing, the gradient of increasing hardness over time decreases. This 
therefore suggests that peak ageing is being approached; further testing is recommended for 
future research. Observed in this case and most other precipitation strengthened materials: a 
lower ageing temperature increases the time taken to reach peak hardness because the 
precipitation rate is controlled by the diffusion of solute elements that is limited at lower 
temperatures [9].  
 
The 95% confidence interval bars in Figure 25 graphically represent the boundaries of which 
there is a 95% chance the next hardness measurement will fall. The range of this, or margin of 
error, is low across most tests. However, there are two occurrences where this margin of error 
is substantially high. These are at 4 hours of ageing at 500°C and 8 hours of ageing at 350°C 
and these conditions respectively correspond to the early stages of hardening most likely 
caused by precipitation. So, it can be expected that the large margin of error at these points is 
a result of testing on different areas with higher or lower transformation progress and 
impedance to dislocation movement.  
 
Experimental error was present in the microhardness test machines. According to ASTM 
E384-16 standard, the maximum repeatability and error for 240≤HV≤600 using a 100gf load 
is 5% and 2%, respectively. However, these figures alone only account for the uncertainty in 
measurement and is further compounded by human error in manually selecting the diamond 
peaks. This error was determined by retaking measurements of the same indent on calibration 
test blocks and comparing the range of measurement to the mean value. For the user in this 
experiment, the maximum error was found to be 3% on standard test. Therefore, the total 
experimental error is 5%.  
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4.2. AS-RECEIVED SOLUTION TREATED BETA 21S MICROSTRUCTURE 
Extensive analysis of as-received material, including the evaluation of grain morphology and 
identification of defects, is conducted to establish a ‘reference point’ in which future 
characterisations of aged material are made. It is well known that the material in this 
condition consists of β-Ti phase supersaturated with α-Ti; enabling α precipitates to form 
from its metastable state.   
   
4.2.1. Grain Morphology and Phase 
 
Figure 26: Bright Field Optical Micrograph of As Received β-21s, Observed at x500 Magnification 
 
Figure 26 shows the solution treated material after etching with Kroll’s reagent that has 
corrosively attacked high-energy areas, unveiling the boundaries of β-Ti grains.  
Homogenous, equiaxed grains are observed and are commonly 30-50μm in size. This agrees 
with literature stating the average grain is 40-50μm [1]. The dark spots present are from 
grinding, polishing or etching imperfections and aren’t part of the microstructure.  
 
4.2.2. Large Scale View of Sheet Thickness  
 
Figure 27: Large Scale Sheet Thickness View Showing Rolling Defects, Observed at x25 Magnification 
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Observed in Figure 27 are consistently sized, equiaxed grains throughout the thickness of the 
material. This nature indicates the material has been recrystallised above the β-transus 
temperature after hot rolling fabrication processes and is in agreement with processing 
parameters from literature as discussed in Section 2.2.2.  
 
As with any fabricated material there are residual inhomogeneities and defects present. Figure 
27 captures the residual flow stress lines from hot rolling processes prior to recrystallization 
that span the length of the sample and are parallel to the edge. The flow stress lines and the 
regions surrounding are likely to be highly stressed with concentrated dislocation densities in 
comparison to homogenous sections of the material. Heterogeneous nucleation will therefore 
be facilitated by the presence of these dislocations so it can be expected that precipitates can 
preferentially form here. This behaviour was observed in the early stages of 500°C ageing but 
is easily distinguished from unaffected areas due to forming straight lines that cross through 
grains for extended lengths.  
 
4.2.3. Deformed Grains & Effect on Hardness 
 
Figure 28: Optical Micrographs of Deformed Grains, Observed at x500 Magnification 
i) In Unaged Material, ii) After 30 minutes of 500°C Ageing 
 
 
Figure 29: SEM Images of Deformed Grains in Unaged Material 
i) x3000 Magnification, ii) x8000 Magnification 
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In Figure 28, there is an appearance of dislocation slip, which typically occurred near the 
edges of material tokens. The SEM images shown in Figure 29 estimate the thickness of these 
dislocation fold lines in unaged material to be 2μm. Testing was conducted on an unaged 
sample with a chamfered face that allowed observations to be conducted on the same material 
token at shallow and deep grinding depths. There is a low contrast between this structure and 
the homogenous regions of material in the unaged material. So, ageing this sample at 500°C 
for 30 minutes allowed precipitates to preferentially nucleate on these dislocations, which 
then after etching the sample allowed the structures to be observed distinctively as observed 
in Figure 28 ii). It was found that this structure only appeared when insufficient material had 
been removed at the deformed edges from guillotine cutting processes. Therefore, it is likely 
that the observed structure is a result from deformation twinning or cold working.  
 
It is most likely that this structure is twinning, as plastic deformation of metastable β titanium 
is known to be accommodated with twinning that only requires low shear stresses [21]. The 
shear stresses induced from cutting using the guillotine are definitely considered high enough 
to induce this transformation. A measured fold thickness of 2μm is also in agreement with 
established values. The formation mechanisms of this structure are beyond the scope of this 
project and require further analysis techniques such as Transmission Electron Microscopy 
(TEM) and electron diffraction pattern analysis to confirm the presence of twinning. G.M 
Rusakov [21] states, “conventional stabilised β alloys deform by slip and twinning over the 
{112}<111> system and alloys of transition class deform by twinning over the {332}<113> 
system”. Insufficient definition is given as to what constitutes a transition class alloy and 
conventional stabilized alloy. However, being a metastable beta-Ti alloy, it is most likely to 
be classed as transitional and deform over the {332} <113> system. This knowledge can be 
used to support the evidence of twinning if further experimentation is conducted.  
 
Regardless of its classification, the structure has a high dislocation density, which can 
entangle or impede with neighboring dislocations upon further deformation. Hardness testing, 
which introduces local plastic deformation, can therefore be affected by the presence of this 
structure. Microhardness testing was performed on these structures, as shown in Figure 28 i), 
and the mean hardness was found to be 299 HV. This is a 9% increase compared to 
homogenous sections of the material (274 HV) and thus confirms the hardening effect of this 
structure. In the early stages of ageing, larger comparative hardness increases are expected as 
precipitates will preferentially form on dislocations. To ensure the results acquired after 
ageing of the material weren’t affected, sufficient material (2mm) was removed via grinding. 
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4.2.4. Dispersoids 
 
Figure 30: Dispersoids Within Grains, Observed at x500 Magnification 
 
 
 
Figure 31: Dispersoids Observed Using SEM 
i) x3000 Magnification, ii) x8000 Magnification 
 
The optical microscopy images show small particles contained inside grain of unaged 
material. These types of grains were usually located in the centre of the material thickness and 
made up a small fraction (1-2% max) of the material. Performing microhardness tests on the 
individual regions found that there was no significant difference to conclude this structure 
could affect hardness results. SEM images in Figure 31 estimate the size of these particles to 
be 0.5 - 1µm. The results form Energy-Dispersive X-ray Spectroscopy (EDS) are presented in 
Appendix C and showed slightly different chemical compositions, particularly higher 
concentrations of Mo, Fe, Ti and C.  
 
 38  
 
All of the aforementioned characteristics allude to classing these particles as intermediate-
sized dispersoids that have formed from fabrication processes. During casting alloying 
elements remain in the solution but successive ‘homogenisation’ heat-treatments at high 
temperatures can result in the formation of intermetallic compounds [9]. Notably, the 
elements found in higher concentrations from EDS are strong carbide forming elements in 
steels. Although this is only studied in steels, the same concepts can be applied and therefore, 
the presence of these elements suggest that the observed particles are carbide dispersoids (also 
arguably defined as intermetallic compounds). These dispersions are known to cause 
retardation affects upon recrystallisation and grain growth of alloys; but the microstructure is 
also presumably affected from ageing. The behaviour is likely dependant on temperature and 
is captured using optical microscopy in Sections 4.3 and 4.4.  
 
Confirming the exact chemical formula of these compounds isn’t of immediate prevalence to 
the characterisation of β-21s and hence is defined outside the scope of this project, especially 
given no significant difference in hardness was observed. Further analysis techniques such as 
mass spectrometry and the use of higher resolution EDS equipment are required to 
characterise this structure in detail.  
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4.3. MICROSTRUCTURE DEVELOPMENT OF 500℃ AGED BETA-21S 
 
 
Figure 32: Microstructure Development During Ageing at 500°C, Observed at x500 Magnification 
i) 30 minutes, ii) 90 minutes, iii) 4 hours, iv) 8 hours, v) 24 hours, vi) 9 days 
 
The optical micrographs shown in Figure 32 display rapid decomposition of the β phase in 
three stages: (1) formation of the nuclei of the new phase from 0-90 minutes; (2) growth of 
these precipitates from 90 minutes to 24 hours; (3) coarsening of the precipitate onwards of 24 
hours of ageing. Established from literature on the ageing response of metastable β titanium at 
temperatures of 500°C or above, it is almost certain that this precipitate forming is α phase 
[6].  
 
 40  
 
4.3.1. Stage (1): Formation of α nuclei 
The formation of nuclei in stage (1) is characteristic of heterogeneous nucleation; where 
precipitates preferentially form on lattice defects (e.g. 0-dimensional vacancies, 1-
dimensional dislocations, 2-dimensional grain boundaries for example etc.) and is driven by 
the reduction of free energy to reach a stable state. Nucleation here occurs first as these 
regions have high atomic disarray, resulting in higher free energy per atom which lowers the 
energy barrier required for transformation [9]. Figure 32 i) displays the initial formation of 
point precipitates inside the grains (intragranular precipitation) and at the grain boundaries 
(intergranular precipitation), confirming heterogeneous nucleation of precipitates out of the 
supersaturated solid solution. Intragranular precipitates nucleate on 0-D and 1-D faults as 
points; then grow radially to form precipitates with a star-like morphology after 30-60 
minutes of ageing. Intergranular precipitates nucleate at 2-D faults (grain boundaries) and 
grow orthogonal to the direction of the boundaries as captured by the SEM images in Figure 
33. Concepts of precipitate coherency derived from Al alloys can also be applied in this case; 
therefore, it can be expected that these early precipitates are GP zones that are coherent with 
the β matrix. Initially this induces only minor lattice strains which impedes dislocation 
movement and provides slight hardening. Further ageing promote growth of these zones to 
induce more lattice strain and hardening response; before decomposition into a state with less 
interfacial energy.  
 
 
Figure 33: Precipitate Morphology Observed After Ageing at 500℃ for 90 Minutes 
i) x3000 Magnification, ii) x8000 Magnification 
 
4.3.2. Stage (2): Growth of Precipitates 
The growth of precipitates in stage (2) occurs from 90 minutes of ageing upwards to 24 hours 
and is driven by the reduction of interfacial free energy between the precipitate and matrix. 
Figure 33i) to v) show the increase in volume fraction of α precipitates over ageing length. 
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After 8 hours of ageing the pre-existing β matrix is mostly decomposed and the α phase now 
dominates the microstructure. Between 8 hours and 24 hours, the rate of precipitation growth 
decreased which is caused by longer diffusion distances and reduced concentration gradient as 
the precipitate thickens [20]. At 24 hours, the cell size of the pre-existing β matrix is 
significantly reduced by the impingement of competing α precipitates. High magnification 
SEM images in Figure 34 characterise the microstructure as consisting of randomly 
orientated, acicular Widmanstätten α plates in a small fraction of β matrix [1]. It is evident 
this microstructure provides the highest resistance to dislocation motion as it corresponds to 
the peak hardness achieved at 500°C.  
 
 
Figure 34: Widmanstätten plates Observed After Ageing at 500℃ for 24 Hours 
i) x3000 Magnification, ii) x8000 Magnification 
 
4.3.3. Stage (3): Coarsening of Precipitates 
Stage (3) outlines the coarsening of precipitates that occurs at ageing lengths over 24 hours. 
Here, larger precipitates growing at the expense of smaller precipitates in order to reduce the 
interfacial energy of precipitates and achieve a more stable state. This process (also known as 
Ostwald ripening) is evident in Figure 35, which shows thickening occurring in 
Widmanstätten α plates and α  precipitates located at the grain boundaries. Therefore, the 
average interparticle spacing has decreased with further ageing and its ability to lock 
dislocation motion has also decreased; resulting in the reduction in hardness observed in 
Section 4.1.  
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Figure 35: Coarsening of Widmanstätten Plates Observed After Ageing at 500℃, 9 Days 
i) x3000 Magnification, ii) x8000 Magnification 
 
In summary, the three stages of microstructural development (nucleation, growth and 
coarsening of α precipitates) correspond respectively to the phenomena observed from 
hardness testing (underaging, peak ageing and overaging). Therefore, it can be concluded that 
the hardening response is a direct result of the morphology and volume fraction of α 
precipitates formed.   
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4.4. MICROSTRUCTURE DEVELOPMENT OF 350℃ AGED BETA-21S 
 
 
Figure 36: Microstructure Development During Ageing at 350°C, Observed at x50 Magnification 
i) 60 minutes, ii) 4 hours, iii) 8 hours, iv) 24 hours, v) 72 hours, vi) 2 weeks 
 
Optical micrographs shown in Figure 36 appear to capture a spontaneous transformation from 
the metastable β state to the stabilised α state after ageing at 350°C that differs significantly to 
500°C ageing response. However, literature discussed in Section 2.4 suggests there is an 
additional transformation stage that was unable to be characterised by analytical techniques 
used in this project. Therefore, two main stages are listed as: (1) decomposition of metastable 
β into an intermediate phase, ω or β1; (2) nucleation of α on the intermediate phase.  
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4.4.1. Stage (1): Decomposition of β into an Intermediate Phase 
The specific times at which stage (1) begins and ends isn’t captured by microscopy but takes 
place before stage (2) begins around 24 hours. Extended analysis techniques such as X-Ray 
Diffraction (XRD) and Transmission Electron Microscopy (TEM) diffraction are required to 
define the ageing time boundaries of this stage; however, this was deemed beyond the scope 
of this project as and equipment accessible. Therefore, characterisation of this stage is solely 
formulated from irrefutable literature discussed in 2.4. It is expected spinodal decomposition 
will occur in alloys with a pronounced miscibility gap when aged at low temperatures for long 
periods [8]. At the beginning of the transformation an alloy will have an initial composition 
C1 and free energy F1, but will decompose into a mixture of two phases of composition CA 
and CB with an average free energy F2. The average free energy of these phases is always less 
than the initial free energy, so the decomposition proceeds with a continual decrease in free 
energy and the transformation occurs with no thermodynamic barrier [9]. Spinodal 
decomposition of β phase occurs simultaneously throughout the matrix and produces a 
homogenous, very fine dispersion of either ω or β1 intermediate phase particles.   
 
HCP ω phase particles are typically 1-20nm in size, are coherent with the BCC β matrix and 
are known to cause sever embrittlement. As no severe embrittlement was observed before 24 
hours in the ageing curve established in Section 4.1, it can be presumed that ω isn’t forming.  
 
β phase separation into rich (β) and beta-lean (β1) phases is most likely occurring as the two 
coherent BCC structures aren’t likely to produce darker grains after etching and the 
theoretical effects on hardness correspond to experimental. Nag [8] reports the size of the β1 
phase to be 0.05µm in size. The minor lattice strains that are induced by these coherent phases 
theoretically provide slight resistance to dislocation motion so a minor increase in hardness is 
expected. This agrees with experimental results for hardness testing which show a slight 
increase of 26 HV from unaged samples to material aged for 8 hours. Therefore, further 
alluding to the occurrence of β phase separation.  
 
In comparison to 500° ageing, no preferential precipitating at lattice defects or grain boundary 
thickening was observed for ageing times up to 8 hours. This is because such nucleation arises 
(in the absence of spinodal decomposition) because of the reduced activation energy for 
nucleation at such defects. Therefore, no heterogeneous nucleation is expected for spinodal 
alloys where there is no nucleation barrier to precipitation exists [9].   
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4.4.2. Stage (2): Nucleation of α on the intermediate phase 
This stage can be observed to begin at 24 hours of ageing as indicated by the darkening of 
areas inside pre-existing β grain boundaries caused by light scattering from corroded α 
particles after etching. Phase separation of β is speculated as a precursor for the nucleation of 
α particles on β/β1 phase interface. This effect has been studied by Williams et. al paper 
[14]on the effect of ternary additions on decomposition of β phase in Ti-V and Ti-Mo alloys, 
by Miyazaki et. al [13] on ageing effects of phase separating Ti-Cr alloys, among several 
others. Conclusions from this show that α is likely to precipitate on leaner β regions (typically 
0.05µm in size). This would result in a finely dispersed, uniform distribution of α in the β 
matrix that is far beyond the magnification capabilities of optical microscopy and SEM. 
Techniques beyond the scope of this project and beyond accessibility, such as TEM and XRD 
are required to observe and characterise these nanoscale particles.  
 
The HCP structure of α particles in combination with the nanoscale particle interfaces or sub-
grain boundaries contribute to significant locking of dislocation motion and therefore, large 
increases in hardness. With further ageing, more decomposition of β and β1 occurs and the 
volume fraction of α precipitates is expected to increase; resulting in additional rises in 
hardness. At 24 and 72 hours, there is a region adjacent to the grain boundaries that consists 
of rejected β stabilising elements. As shown in Figure 36, further ageing up to 2 weeks 
showed a further reduction in this region until it is no longer apparent; meaning that more 
transformation of β into α has occurred in order to reach a stable state. This is also indicative 
of the approach of peak hardening condition; where after a certain volume fraction of α has 
been reached coarsening of particles then takes place. Which as discussed earlier cause 
interparticle spacing to decrease and thus, a reduction in hardness occurs. However, the peak 
hardening time was not reached after 2 weeks of ageing so it is recommended that extended 
tests be performed in future. The hardness reached after 2 weeks of ageing at 350°C (456 HV) 
was found to be 19.2% greater than peak age hardness at 500°C and alludes to severe 
embrittlement of β-21s. Several sources [8, 9] report that spinodal structures are very brittle 
and fail in a intergranular manner. Therefore, it is of great practical importance that the 
spinodal decomposition of β-21s at isothermal 350°C ageing for long times be understood in 
detail and meticulously considered when selecting this alloy for an application. It is 
recommended for future research that advanced techniques be used to characterise this in full. 
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4.5. OTHER NOTABLE OBSERVATIONS 
Several other observations can be made regarding structures that have a low occurrence or are 
of insignificance to the large scale mechanical properties and microstructure of β-21s. Images 
in Figure 36 were designed to capture the progression of these structures at 350°C; but this 
also gives misleading proportions of the structures occurrence which is substantially lower.  
 
Figure 37 shows a magnified SEM image of rare clusters with rounded triangular 
morphology. It is found in samples aged at 350°C for ageing lengths ranging from 60 minutes 
to 24 hours but occurs in less than 1% of the material. Energy Dispersive Spectroscopy (EDS) 
was performed on these clusters and the results are presented in Appendix D. These regions 
showed slightly different compositions to homogenous sections of the material and had higher 
concentrations of Mo, Fe, Ti and C. As discussed in Section 4.2.4, these elements are carbide 
forming elements in steels so applying the knowledge to this case alludes to these structures 
being intermetallic compounds and are formed from casting and homogenisation heat 
treatments.  
 
 
Figure 37: Clustering Microstructure Observed After Ageing at 350℃ for 60 Minutes 
i) x3000 Magnification, ii) x8000 Magnification 
 
The intermediate-sized dispersoids observed in the unaged material (Section 4.2.4) also had a 
pronounced effect on the ageing response. At 500°C and 350°C retardation of β 
decomposition and precipitation was observed. This behaviour is in agreement with literature 
stating these dispersoids are known to cause retardation upon recrystallisation and grain 
growth of alloys [9] .  
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5. RECOMMENDATIONS FOR FUTURE WORK 
Long ageing times compounded with limited furnace availability placed significant 
constraints on this project, arising to several shortcomings in experimental proof of concept. 
These shortcomings and the future work required for characterisation, along with 
complementary investigations, are summarised below: 
 
 The exact phase precipitated from 500°C ageing wasn’t experimentally confirmed. It 
is well known from literature that the decomposition of metastable β at this 
temperature leads to the precipitation of α-Ti phase. However, X-Ray Diffraction 
(XRD) and Transmission Electron Microscopy (TEM) is required to confirm it is α 
forming. Progressively performing XRD on the material after ageing is expected to 
show a reduction in β peaks and new HCP α peaks forming with longer ageing times. 
TEM diffraction pattern analysis on the precipitate is recommended to determine its 
crystal structure; this will be HCP for an α precipitate.  
 
 Even after 2 weeks of ageing at 350°C, the point of peak ageing was not achieved. It is 
therefore recommended that further ageing be conducted for lengths of 4, 6 and 10 
weeks in order to establish if and when a peak ageing occurs, as well as mechanical 
and microstructural response of overaging. Determining peak ageing is of practical 
importance as for most alloys this condition corresponds to the lowest fracture 
toughness (embrittlement); thus having significant implications on the usage of β-21s. 
 
 The microstructural development and intermediate phase formation, ω or β1, occurring 
at 350°C was predominantly hypothesised from theory as the experimental methods 
used in this project (optical microscopy and SEM) had insufficient magnification and 
resolution. Further work using TEM and XRD is required to experimentally confirm 
the spinodal decomposition of β into β+ω or β+β1 and the mechanism at which this 
intermediate phase acts as a precursor for the precipitation of fine α particles. It is 
recommended that this analysis be performed in samples aged at 8 hours to distinguish 
between ω or β1 and repeated at 24 hours of ageing to characterise the nucleation and 
growth of α precipitates. This knowledge will complement the severe hardening 
response observed for long ageing times at low temperatures.  
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 Mechanical and microstructural characterisation was only performed for two 
temperatures. Future work lies in obtaining ageing curves for other temperatures in 
order to present sufficient information that would permit the design of ageing 
treatments and safe operating conditions for this material.  
 
 Tensile tests and impact tests are recommended as complementary techniques to 
confirm embrittlement. Whether the mechanism of failure is matrix or grain boundary 
precipitate dominated is another topic for future research. Characterisation of this 
could also aid further refinement and development of this alloy 
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6. CONCLUSIONS 
The aims of this project, as previously outlined in Section 1.3, are: 
i) To develop an understanding of the low-medium temperature ageing response of β-
21s titanium with reference to transformation mechanisms.  
ii) To locate the ageing times that correspond to underaged (UA), peak aged (PA) and 
overaged (OA) conditions from microhardness testing and correlate this behaviour to 
the microstructures present. 
iii) To evaluate the performance of β-21s in mechanical systems with elevated 
temperatures and provide comprehensive detail to researchers, companies and industry 
members looking to design ageing specifications for a desired property set.     
 
The ageing response of β-21s at the two temperatures, 350°C and 500°C, were significantly 
different and resulted in completely different conclusions. Conclusions for each ageing 
temperature are outlined in the following sections and are numbered in regards to the aims 
stated previously: 
 
500°C Ageing: 
i) High thermal energy at this temperature in combination with the presence of lattice 
defects (vacancies, dislocations, grain boundaries etc.) that lower the nucleation 
barrier has resulted in heterogeneous nucleation of precipitates occurring; which, 
established from literature are most likely α phase particles. Driven by the reduction of 
free energy, the nucleated particles grow until impingement occurs. After this point 
the coarsening is driven by the reduction in interfacial energy where large precipitates 
grow at the expense of smaller precipitates – also known as Ostwald ripening.  
ii) From microhardness testing, an ageing curve (shown in Figure 25) was produced, 
which displays underaged behaviour occurring for times up to 24 hours where a peak 
hardness of 385 HV was achieved. Underaging behaviour corresponded to the early 
stages of precipitation nucleation and growth, as shown by Figure 32, where star-like 
intragranular precipitate were found to coexist with intergranular nucleated 
precipitates with growth orthogonal to grain boundaries. At peak ageing the 
precipitates impinged on each other to form acicular Widmanstätten α plates, reducing 
the cell size of β and thus, provided a high resistance to dislocation motion and high 
hardness. Coarsening of the plates occurs with overaging where the average 
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interparticle spacing increases with ageing time and hardness falls, since the particles 
are less effective in holding up dislocations.  
iii) The hardening response and microstructural changes at this temperature are similar to 
the behaviour of most alloys and has been studied in great detail. Literature regards 
subjecting β-21s to these temperatures as safe and currently employed in the aerospace 
industry [1]. The peak ageing isn’t established to cause severe embrittlement and 
overaging can be performed to recover ductility and fracture toughness [9].  
 
350°C Ageing: 
i) Although the mechanics were unable to be experimentally observed using methods in 
this project, it is expected from literature that due to the insufficient thermal energy to 
cause heterogeneous nucleation and small concentrations fluctuations in β-21s that 
cause a decrease in free energy, initial transformation occurred spontaneously by 
spinodal decomposition. This transformation has no thermodynamic nucleation 
behaviour and has no precise stage at which the new phase appears, but, is expected to 
have taken place before 24 hours of ageing.  From this decomposition process a very 
fine, homogenous distribution of intermediate phase particles, ω or β1, is formed. Of 
the two phases, it is more likely that β phase separation into β-rich (β) and β-lean (β1) 
regions is occurring as per the reasons discussed in Section 4.4.1. The intermediate 
phase then acts as a precursor to the homogenous nucleation of α particles. 
ii) Figure 25 displays the presence of an 8 hour long incubation time prior to any 
significant age hardening response. It is hypothesized that β phase separation into two 
coherent phases (β+β1) induces minor lattice strains, which slightly increases 
dislocation motion impedance and hardness. At 24 hours, the nucleation of α from the 
decomposition of β1 is expected and causes significant hardening attributed to the 
combination of its strong, closely packed HCP structure and very finely sized particles 
that offer substantial dislocation locking. The resultant nanoscale β+α microstructure 
continued to increase the hardness upon further ageing due to further decomposition of 
β and growth of α grains. At two weeks a hardness of 459 HV was achieved; however, 
peak ageing hadn’t been reached so further ageing is recommended. 
iii) Severe hardening from this mechanism is consistent with reports of structures formed 
via spinodal decomposition being very brittle and failing by intergranular methods. 
Therefore, usage of β-21s at service temperatures near 350°C may be deemed unsafe 
as brittle failure becomes increasingly likely, posing catastrophic implications for 
aerospace applications. 
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APPENDIX A – AGEING CURVES TO BE PUBLISHED 
 
 
The data used to produce these ageing curves for β-21s for temperatures ranging from 250-
500°C has been collated with two other researches. In order to publish these ageing curves 
and the associated microstructural progression, several extended tasks must be completed for 
validity. These are summarised as: 
 Confirmation of the α phase precipitating from decomposed β needs to be performed 
using X-Ray Diffraction (XRD) and Transmission Electron Microscopy (TEM). The 
precipitation of α phase can be confirmed by performing XRD over samples with 
progressive ageing. Progressively performing XRD on the material after ageing is 
expected to show a reduction in β peaks and new HCP α peaks forming with longer 
ageing times. TEM diffraction pattern analysis on the precipitate is recommended to 
determine its crystal structure; this will be HCP for an α precipitate. 
 The formation of an intermediate phase, β1 or ω, needs to be experimentally observed 
and characterised using TEM diffraction patterns EFTEM elemental mapping. 
EFTEM can be used to show the compositional variations that is characteristic of β 
phase separation. TEM diffraction pattern analysis will be performed to distinguish the 
HCP ω phase from the BCC β1 phase. Identification of the α phase that nucleates on 
the intermediate phases can be performed using the same methods.  
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APPENDIX B – MICROHARDNESS DATA 
 
 
Test 
Number 
Ageing Time At 350°C 
 15 
min 
30 
min 
60 
min 
90 
min 
4 
hours 
8 
hours 
24 
hours 
72 
hours 
9 
days 
2 
weeks 
H
ard
n
ess (H
V
) 
1 312 278 277 272 297 280 302 415 464 453 
2 303 307 265 306 286 331 296 407 443 438 
3 287 295 282 290 278 305 337 393 447 455 
4 272 281 286 272 293 292 318 404 450 450 
5 278 284 273 287 277 303 314 395 464 471 
6 272 291 271 283 273 285 316 402 468 465 
7 295 273 
  
282 307 302 385 441 454 
8 274 284 
    
308 422 411 480 
9 274 272 
    
347 
 
467 473 
10 306 286         312   473 473 
11 289 295 275 297 293 298 294 422 452 440 
12 290 279 283 284 291 284 300 418 448 464 
13 295 283 273 287 279 290 307 400 442 464 
14 279 289 265 305 300 280 299 414 464 468 
15 288 285 289 294 283 315 309 382 456 445 
16 290 274 272 
 
285 273 302 401 449 469 
17 294 287 
  
304 296 300 371 463 462 
18 292 278 
    
299 396 439 464 
19 275 282 
    
299 
 
457 458 
20 305 278         344   433   
21 292 263 285 276 306 278 343 414 438 448 
22 288 306 282 273 292 326 299 393 466 453 
23 290 285 276 297 304 279 312 401 425 463 
24 302 272 281 284 272 320 348 402 476 467 
25 293 275 272 286 306 331 324 406 421 462 
26 280 277 274 288 295 311 318 417 442 446 
27 291 258 
  
304 316 319 392 407 463 
28 290 271 
    
305 
 
464 457 
29 284 272 
      
466 448 
30 280 277             450 456 
Mean 289 282 277 287 290 300 313 403 448 460 
Std. Dev 11 11 7 10 11 18 17 13 18 11 
Maximum 312 307 289 306 306 331 348 422 476 480 
Minimum 272 258 265 272 272 273 294 371 407 438 
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Test 
Number 
Unaged 
Material 
Ageing Time At 500°C 
 15 
min 
30 
min 
60 
min 
90 
min 
4 
hours 
8 
hours 
24 
hours 
72 
hours 
9 
days 
H
ard
n
ess (H
V
) 
1 283 314 265 298 274 363 382 386 379 381 
2 268 284 266 316 289 363 372 405 390 374 
3 278 275 278 280 293 337 393 375 380 386 
4 279 278 268 335 327 395 397 388 375 366 
5 276 278 295 285 290 341 392 398 381 371 
6   279 265 281 282 397 381 377 388 370 
7   276 276 286 297 333 
 
381 366 383 
8   
       
404 
 
9   
       
393 
 
10   
 
            371   
11 263 303 290 276 284 350 374 381 404 378 
12 279 272 273 289 296 344 385 383 393 389 
13 277 311 314 284 290 359 378 395 371 372 
14 266 279 304 291 288 360 370 380 396 373 
15 264 293 276 308 298 340 375 391 386 382 
16   270 270 279 294 369 381 384 381 384 
17   275 273 272 
   
383 389 
 
18   
         
19   
         
20   
 
                
21 268 264 271 288 287 373 370 388 382 377 
22 275 279 274 279 276 372 379 375 373 370 
23 282 277 272 277 298 365 385 385 378 370 
24 282 297 278 280 293 356 381 392 387 376 
25 272 277 286 279 302 391 373 382 367 363 
26   285 269 276 307 358 393 377 373 383 
27   282 
 
283 
 
348 
  
387 
 
Mean 274 283 278 288 293 361 381 386 383 376 
Std. Dev 7 13 13 15 12 19 8 8 11 7 
Maximum 283 314 314 335 327 397 397 405 404 389 
Minimum 263 264 265 272 274 333 370 375 366 363 
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APPENDIX C - EDS ANALYSIS OF DISPERSOIDS 
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APPENDIX D – EDS ANALYSIS OF CLUSTERS 
 
 
 
